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ABSTRACT: Time-dependent density functional theory (TD-

DFT) and correlated ab initio methods have been applied to 3
explore the electronically excited states of vitamin By, (cyano-
cobalamin or CNCbl). Different experimental techniques have
been used to probe the excited states of CNCbl, revealing many g
issues that remain poorly understood from an electronic struc- \,

ture point of view. Due to its efficient scaling with size, TD-DFT e
emerges as one of the most practical tools that can be used to %\\/JM
study the electronic properties of these fairly complex molecules. PNl by
However, the description of excited states is strongly dependent } ' ’ -
on the type of functional used in the calculations. In the present

contribution, the choice of a proper functional for vitamin B, was evaluated in terms of its agreement with both experimental results and
correlated ab initio calculations. Three different functionals, i.e., B3LYP, BP86, and LC-BLYP, were tested. In addition, the effect of the
relative contributions of DFT and HF to the exchange-correlation functional was investigated as a function of the range-separation
parameter, u. The issues related to the underestimation of charge-transfer excitation energies by TD-DFT were validated by the A
diagnostic, which measures the spatial overlap between occupied and virtual orbitals involved in the particular excitation. The nature of
the low-lying excited states was also analyzed based on a comparison of TD-DFT and ab initio results. Based on an extensive comparison
with experimental results and ab initio benchmark calculations, the BP86 functional was found to be the most appropriate in describing
the electronic properties of CNCbl. Finally, an analysis of electronic transitions and reassignment of some excitations were discussed.
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1. INTRODUCTION

Since its initial formulation,' linear-response time-dependent
density functional theory (TD-DFT)> has become one of the
most widely used computational tools to study electronically
excited states of complex molecules.* ® It is generally accepted
(at least for medium to large systems up to 300 second-row atoms)
that certain electronic excitations can be accurately described within
the TD-DFT framework. For generalized gradient approximation
(GGA)”® or hybrid exchange-correlation functionals,” computed
excitation energies are often accurate to within a few tenths of an
electronvolt. This applies to electronic transitions involving mini-
mal charge transfer that lie well below the ionization potentials.
However, for excitations to Rydberg states or for charge-transfer
(CT) states, a significant underestimation of computed energies
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has been noticed.'””"” While the former can be corrected using an
asymptotic correction, the latter are more problematic mainly due
to errors associated with self-interaction.'®"”

CT-type excitation energies are often significantly underesti-
mated by TD-DFT calculations employing conventional exchange-
correlation functionals. In order to partially correct for this short-
coming, range-separated exchange-correlation functionals, such
as Coulomb-attenuated B3LYP (CAM-B3LYP)? or long-range-
corrected BLYP (LC-BLYP),”! have been designed for accurately
describing CT excitations in TD-DFT calculations. Nevertheless,
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the view that CT excitations are significantly underestimated by
TD-DFT calculations needs to be interpreted with caution since
these errors typically refer to long-range excitations with a low
degree of spatial overlap between the occupied and virtual orbitals
involved in the excitation. In order to judge the reliability of
excitation energies, a simple test (referred to as the A diagnostic)**
has been suggested. For a given excitation, the degree of overlap is
calculated using this A diagnostic, which involves the inner product
of the moduli of individually occupied and virtual Kohn—Sham
orbitals. Its numerical value can range from 0 to 1, with values near
zero signifying long-range excitation, while values near unity signify
a short-range, localized excitation. Based on its definition, excitation
energies were found to be significantly underestimated when A is
very small. It has further been proposed that an excitation with A <
0.4 from a GGA or A < 0.3 from a hybrid functional is likely to be
significantly underestimated.”>** However, a high A value does not
guarantee that the excitation is correctly described by TD-DFT.

The use of range-separated exchange-correlation functionals,
such as CAM-B3LYP, does not necessarily guarantee that results
are improved over conventional functionals either. In fact, the
predicted spectra may worsen, as has been recently found for two
cobalamins: cyanocobalamin (CNCbI or vitamin B;,) and methyl-
cobalamin (MeCbl),® where absorption (Abs), circular dichroism
(CD), and magnetic CD (MCD) spectra based on TD-DFT
calculations were simulated for direct comparison with experiment.
For these two bioinorganic complexes, the conventional BP86
functional performed better than CAM-B3LYP. It should also be
noted that the A diagnostic was computed for each excited state
under consideration, and all computed A values were greater than
0.4, indicating that the TD-DFT calculations were not affected by
CT failure. The unexpected poor performance of the CAM-B3LYP
functional may indicate that the inclusion of long-range Hartree—
Fock exchange into TD-DFT overestimates the energy gap between
the occupied and virtual orbitals, thus making the virtual-occupied
energy difference a poor estimation for excitation energies. This
type of sensitivity with respect to the treatment of exact exchange
seems to play a more important role in szstems with transition
metals rather than in organic molecules.***

In the present contribution, we continue our focus on vitamin
By, (Figure 1) as one of the most important vital bioinorganic
complexes. Electronically excited states of vitamin B, derivatives
have been extensively investigated employing a variety of experi-
mental techniques.”* ** However, their excited-state properties
remain poorly understood from an electronic structure point of
view. Since the TD-DFT framework is currently the only practical
tool that can be used to routinely study excited states of these
complex systems, the question naturally arises on how to select the
appropriate functional for these studies. To some extent, this
depends on the kind of spectroscopic properties one intends to
investigate. If the target is the overall electronic spectrum and the
objective is to assign certain electronic transitions, a number of
excited states need to be computed to simulate the spectrum for
direct comparison with experimental data. The performance of the
functional is then judged based on how well the experimental
spectrum is reproduced by the simulated one. However, when the
target is an individual electronic state (or a manifold of low-lying
excited states), the situation becomes somewhat more complicated.
The performance based on a comparison with experiment is only
possible if the identity of the particular electronic state is well
established.** When an assignment is uncertain, the performance of
the functional is analyzed by comparisons with excited-state cal-
culations carried out using high-level ab initio methods. Typically
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Figure 1. Molecular structure of vitamin B, (cyanocobalamin or
CNCbl).

CC2 or CASSCFE/CASPT?2 calculations are used to calibrate TD-
DFT computed excited states.”>>” In the present study, we discuss
both our TD-DFT and ab initio calculations and compare their
accuracy in predicting vitamin By, excitation properties.

2. COMPUTATIONAL DETAILS

2.1. Structural Models. The full structure of vitamin B;, was
extracted from available high-resolution X-ray crystallographic
data®® To decrease the computational cost associated with the
complexity of the system (Figure 1), some simplifications to the
initial structure were introduced. All side chains of the corrin ring as
well as the nucleotide loop were replaced by hydrogen atoms.
Previous studies have demonstrated that such simplified models of
B, cofactors were appropriate for studying their structural and
electronic properties.” The full structure of CNCbl also possesses
dimethylbenzimidazole (DBI) as the lower axial base. In certain
classes of By,-dependent enzymes,*® the DBI base is replaced by
histidine (His) from the protein side chain. Hence, two structural
models with different lower axial ligands were utilized in the present
calculations. The first structural model contains imidazole (Im),
and the second is axially ligated to DBI (Figure 2). Both models
were optimized at the BP86/6-31G(d) level of theory using the
Gaussian 09 suite of programs,”' and their coordinates can be found
in the Supporting Information (Tables S1 and S2). Taking into
account that the main features observed in the electronic absorp-
tion spectra of cobalamins correspond to corrin 77 — 7* transitions,
both models are appropriate to study electronically excited states of
vitamin By,.

2.2. TD-DFT Calculations. Several types of TD-DFT calcula-
tions have been carried out to explore the electronically excited
states of CNCbL. To reproduce the electronic absorption spec-
trum of CNCb], the 35 lowest excited states were calculated. All
vertical excitation energies were computed at the BP86/6-31G-
(d) optimized ground-state geometries described previously.
Three different functionals, including BP86, B3LYP, and LC-
BLYP, were utilized. The range-separated LC-BLYP functional,
which recovers the exact —1/r exchange dependence at large
interelectronic distances, was calculated as a function of the
range-separation parameter 4. Starting from # = 0.00, which
corresponds to a pure exchange-correlation density functional,
the range-separation value was systematically increased up to
0.90 in increments of 0.05. The TD-DFT-based absorption
spectra were analyzed in both gas-phase and water-solution
environments, with the latter being modeled using a polarizable
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Figure 2. Two structural models of CNCbl used in excited-state
calculations. Upper with imidazole (Im), lower with dimethylbenzimi-
dazole (DBI) as axial base, denoted as B—[Co™(corrin)]—CN™ (B =
Im or DBI).
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Figure 3. Ten lowest electronic transitions of Im—[Co™(corrin)]—
CN™ calculated with different density functionals and basis sets together
with the corresponding A diagnostic values (presented as numbers).
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Figure 4. Ten lowest electronic transitions of DBI—[Co™(corrin)]—
CN™ calculated with different density functionals and basis sets together
with the corresponding A diagnostic values (presented as numbers).

continuum model (PCM) and conductor-like screening model
(COSMO).* The discussion about the nature of the low-lying
excited states, however, focuses mainly on gas-phase calculations
which can be directly compared with high-level, correlated ab
initio results. In certain instances, the electronically excited states
were computed by employing the CAM-B3LYP functional.
The TD-DFT calculations have been performed using the
GAMESS,*” TURBOMOLE,* and DALTON™ programs.

2.3. Correlated ab Initio Calculations. Since one of the main
objectives of the present study is an assessment of electronically
excited states computed with different functionals, two types of
ab initio calculations have been performed for benchmarking
purposes. The CC2 and CASSCF computations have been
carried out in order to determine the first four low-lying excited
states. The former were performed with TURBOMOLE, while
the latter were computed with the PC-GAMESS/Firely QC
package.46 Due to a lack of dynamic correlation energy, the
CASSCEF calculations alone are not sufficiently accurate and need

to be corrected by second-order perturbation theory. A modified
version of quasi-degenerate perturbation theory with multicon-
figurational self-consistent field reference functions, referred to
as MC-XQDPT2," as implemented in the PC GAMESS /Firefly,
was applied. In order to carry out the MC-XQDPT2 analysis,
state average (SA) CASSCF calculations were first calculated
using 12 electrons and 12 orbitals in the active space. It should be
noted that the QDPT?2 correction mixes and alters the order of
low-lying excited states based on the initial CASSCEF calculations.
Thus, in order to obtain the four lowest excited states at the
CASSCF/MC-XQDPT?2, it was required to initially compute
20 states at the SA-CASSCEF level.

2.4, Basis Set. In order to make a meaningful comparison
between TD-DFT and ab initio calculations, the same basis set
was used in both calculations. Taking into account the complex-
ity of vitamin B 5, a double-§ 6-31G(d) basis set was selected to
perform the ab initio calculations. The TD-DFT results were re-
evaluated with a larger TZVP triple-{ basis set. The structural
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Figure 5. Simulated electronic absorption spectra of CNCbl computed
with different functionals and the 6-31G(d) basis set (upper, vacuo;
lower, water solution, PCM). See Tables S3 and S4 (Supporting
Information) for details regarding the scaling factors. Experimental
spectra were reproduced from ref S1 with permission.

model containing DBI as the lower axial ligand was also examined
with a much larger aug-cc-pVDZ basis set. It should be mentioned
that the basis set quality significantly increases computational cost,
and balancing accuracy against a reasonable computa-
tional time is crucial for the feasibility of the computations.
Consequently, ab initio calculations with the triple-§ quality
basis set were not considered as a practical scheme, and these
calculations were performed only with the 6-31G(d) basis set. We
also note that since the CASSCF method largely considers
nondynamical electronic correlation effects, and thus depends less
on the nodal structure of the wave function, the 6-31G(d) basis
will suffice for giving reasonable results for the MCSCF calcula-
tions. For the more dynamical correlation-oriented CC2 method,
the 6-31G(d) basis may be less adequate, but we will see that there
are other concerns regarding the reliability of the CC2 results.
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Figure 6. Simulated electronic absorption spectra of CNCbl computed
with different functionals and the TZVP basis set (vacuo). See Table S5
(Supporting Information) for details regarding the scaling factors.
Experimental spectra were reproduced from ref 51 with permission.

3. RESULTS AND DISCUSSION

The performance of DFT in modeling electronic and structural
properties associated with the ground state of By, cofactors has
been the subject of several studies.**** It was concluded that GGA-
type functionals (such as BP86) are particularly suitable for
describing their ground-state properties. The recent review by
Jensen and Ryde>® provides a more detailed discussion. Other
properties such as absorption spectra, CD, and MCD data were also
analyzed based on realistic corrin-based models. The results based
on the BP86 functional were in much better agreement with
experimental data than the results based on CAM-B3LYP, demon-
strating the improved performance of BP86 as compared to hybrid
or Coulomb-attenuated functionals.”®

3.1. Analysis of Absorption Data. The manifold of low-lying
excited states was computed to cover the spectral range up to 250
nm (ca. 5 eV). The calculated 35 vertical excitations and oscillator
strengths were used to simulate the absorption spectra for direct
comparison with experiment (Figures S and 6 above) in both gas-
phase and PCM-based water solvent models. In order to compare
with the experimental spectrum,s'1 each TD-DFT electronic transi-
tion was broadened with a Gaussian function having a width of
I' = 0.174 eV. Since the LC-BLYP and BP86-simulated spectra
were almost identical, we performed additional computations using
the LC-BLYP functional as a function of the range-separation
parameter, ¢ (Figure SS, Supporting Information). By varying the
values of u, the influence of the relative contributions of DFT and
HF to the exchange-correlation energy on the spectra were
assessed. The spectra corresponding to 4 values ranging from
0.00 to 0.85 were simulated and directly compared with experiment
(Figures S1 and S2, Supporting Information). The absorption
profiles obtained in both environments (gas phase, and PCM-based
water solution) showed the best agreement with experiment only
for the first few low u values, indicating that the use of GGA
functionals is a better choice in predicting electronic properties of
CNCbL

Previous studies on cobalt corrinoids have demonstrated
that electronic excitations based on TD-DFT calculations
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Table 1. Vertical Excitation Energies (eV) of Im— [Co™-
(corrin)]—CN™" Calculated for the First Four Low-Lying
States with Different Methods and the 6-31G(d) Basis Set

Method S, S, S; M

TD-DFT

B3LYP 2.75 2.83 2.93 3.10

BP86 243 2.53 2.62 2.73

LC-BLYP (u = 0.00) 243 2.54 2.62 2.74

LC-BLYP (u = 0.10) 2.53 2.66 2.70 2.82

LC-BLYP (u = 0.20) 2.74 3.05 3.12 3.14

LC-BLYP (u = 0.30) 2.86 3.08 3.17 3.33
AD Initio

cC2 1.80 227 2.57 2.63

CASSCF(12,12) 3.44 3.48 3.60 4.75

CASSCF/MC-XQDPT2 2.08 2.32 2.68 2.98

utilizing hybrid functionals were systematically over-
estimated.>” Since the overestimation was systematic, it could
be compensated by scaling. Initially, a simple shift of the
electronic transition energies was applied for models of
vitamin B,; however, for the alkylcobalamins, such as met-
hylcobalamin (MeCbl) or adenosylcobalamin (AdoCbl), a
better agreement with experiment was obtained when two
scaling parameters were applied.>** To achieve better cor-
relation with experimental data, each electronic transition
was scaled as Eiscaled = gEiTD-DFT + Eshift) where g and Eshift
are a specific set of parameters for a given functional and
corrinoid. The determination of the optimal pair of para-
meters was based on the assumption that electronic excita-
tions associated with the o and y bands should be reproduced
accurately. The unscaled spectra along with scaling factors
can be found in the Supporting Information (Figures S3 and
S4, Tables S6 and S7)

The comparison of the simulated absorption spectra (Figure 5
and 6) indicates overall good agreement with experiment regardless
of the functional chosen in the TD-DFT calculations. However, the
detailed analysis of electronic transitions reveals some differences.
Whereas the high-energy y band is in accordance with experiment
and gains the largest intensity in the BALYP-simulated spectrum, the
oscillator strengths of the same band predicted by the remaining two
methods are significantly lowered. Moreover, in contrast to the
B3LYP results, the BP86 and LC-BLYP gas-phase data indicate the
involvement of two (instead of one) intense electronic transitions.
Based only on the reproduction of the experimental ¢ band in the
gas phase, one can conclude the better suitability of the B3LYP
functional in simulating absorption spectra of CNCbL At first
glance, this may imply that different functionals are good for
different parts of the spectrum. However, it is important to notice
that the change of the environment improves the intensity pattern in
the y region for all three functionals and reveals the presence of a
single electronic transition regardless of the method applied. In
addition, the 0./f3 band seems to be better reproduced by the BP86
and LC-BLYP functionals. The interpretation of the simulated CD
and MCD spectra implied the existence of a manifold of electronic
excitations in the 0./ part of the CNCbl absorption spectrum.®
The data shown in the present study indicate that there are multiple
excitations present in the low-energy part of the spectra only if BP86
or LC-BLYP is applied. Both gas-phase as well as PCM data
(Figure S), obtained from BP86 and LC-BLYP calculations, confirm
such an assignment. In contrast, the @/ band in the B3LYP-
computed profiles is composed of one intense excitation regardless
of the environment (Figure S). These results are more in line with
earlier proposals, suggesting vibrational progression of a single
electronic transition in the o/f3 region of CNCbl spectrum.zg_3'0
As can be noticed, the choice of the exchange-correlation functional
is crucial in terms of a reliable description of particular bands in
CNCDbl absorption spectra. However, the final statement about
the correct applicability of the particular functional demands a
detailed analysis of the nature of the excited states coupled with a
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Figure 7. Active space orbitals of Im—[Co™"(corrin)]—CN™ used in CASSCF(12,12) calculations.
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Table 2. First Four Low-Lying Excited States of Im— [Co™(corrin)]—CN™ Obtained from CASSCF(12,12)/MC-XQDPT2

Calculations”
coeff. of CAS weight (%) of CAS
State E (eV) state in MC/XQDPT2 state in MC-XQDPT2

So 0.00 —0.924238 85
S, 2.08 —0.601547 36
—0.482393 23

S, 2.32 —0.793131 63
0.530156 28

Ss 2.68 —0.751397 56
—0.323601 10

Sy 2.98 0.454615 21
—0.443262 20

“ CSF stands for Configuration State Function.

CAS state coeff. of CSF (%) Character
1
16 24 d,. — *
10 d, — 7"
4 A/ — 7*/0*(d.s)
11 18 7 — a*
12 o(d.) — ot
11 d,, —
14 31 dy—yp — 7"
8 d,, —*
8 doye/0(d) = /0*(d2)
19 16 domyp— "
15 dy—yp/T— 7*/d,, + 1
7 dy/day— 7/0*(d)
15 21 d,, —7*
16 d,, — 7
6 da—y — 7
6 d,, —
11 18 T
11 o(d,;) — *
11 d,, — "
16 24 d,,—
10 d.. — 7*
4 d,./m— 7*/0*(d.)
11 18 n— 7t
11 o(d;) — *
11 d,, — 7*

xy

reasonable evaluation of the theoretical methods in terms
of their correspondence to the experimental results. Taking
into account the photochemistry of By, cofactors, the most
important salient features arise from the examination of the
first few low-lying electronic excited states. Consequently, the
comparison of TD-DFT results with correlated ab initio data
(presented later in this paper) allows a reliable justification of
the suitability of a particular exchange-correlation functional
to study electronic properties of CNCbl.

3.2. Lambda Diagnostic for Low-Lying Excited States. Up
to this point, the performance of the different functionals, including
GGAs and hybrids, has been discussed in the context of how well
they reproduce absorption spectra. Although functionals analyzed
in the present study tend to provide satisfactory agreement with
experiment, the CT-type excitations are often very poorly described
by TD-DFT. In order to justify the reliability of vertical excitations
of CNCbl predicted at the TD-DFT framework with different
functionals, calculations involving the A diagnostic were per-
formed. Figure 3 displays the A values corresponding to the
manifold of low-lying excited states of the vitamin B;, model
having imidazole as the axial base, i.e., In—[Co"'(corrin) ] —CN*
(Figure 2, upper panel). As can be already seen with the 6-31G(d)
basis set, none of the computed electronic transitions have
noticeably low A values, indicating that our calculations do not
suffer from the CT problem. We have found that an increase in the
basis set does not dramatically influence the A values. On the other

hand, when the same calculations were carried out for the model
having DBI as the axial base, ie, DBI—[Co™(corrin)]—CN™"
(Figure 2, lower panel), the problem related to the CT issue was
more noticeable (Figure 4). It appears that this model is more
susceptible to CT problems due to the larger lower axial base
having more extensive aromatic character and a longer Co—N-
(axial) distance (2.09 A as compared to 2.05 A for Im— [Co™
(corrin)]—CN™ model). According to the A diagnostic, the
predictions from the BP86/6-31G(d) calculations indicate that
the S, and S; states have CT character since their A values are lower
than 0.4. The problem disappears with an increase in basis set size,
although this is not due to a change in nature of the transition
induced by the change of the basis set, but rather the improved
ability of the more diffuse aug-cc-pVDZ basis set to model the
rather short-ranged CT of this excitation. The results based on
calculations with the TZVP basis set show improvement for the S,
and S states but simultaneously decrease the A values for S; and
Se. At the same time, the calculations for low-lying excited states of
DBI—[Co™(corrin)]—CN™, employing the aug-cc-pVDZ basis
set, do not produce excitation energies suffering from the CT failure
(Figure 4). However, it is important to note that the size of the basis
set doubles (from ~600 to ~1200), making such calculations
feasible but not practical.

The conclusion emerging from our analysis indicates that the
CNCbl excitation energies calculated using TD-DFT are not
affected by CT failure. The lower A values in the case of the
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DBI—[Co™(corrin) ] —CN™" model are related to the quality of the
basis set and cannot be a reason for disregarding TD-DFT/BP86-
based results. Moreover, the increased basis set does not change the
character of the excitations, allowing for a reasonable comparison of
the nature of low-lying transitions predicted by TD-DFT and ab
initio methods employing the 6-31G(d) basis set.

3.3. Comparison with ab Initio Calculations. In order to
analyze the nature of the low-lying electronic transitions of CNCbl
in detail, we turn our attention to ab initio methods. For medium-
sized systems, the CC2 method is commonly used to compute
excitation energies to serve as accurate benchmarks for TD-DFT
calculations. We initially focused our attention on the four lowest
states of CNCbl in order to estimate their energies at the CC2 level
of theory. However, as shown in Table 1, the CC2 excitation
energies are severely underestimated due to a significant multi-
reference character indicated by the D1 diagnostic.’> The D1
diagnostic essentially measures the quality of the HF reference
wave function, with values less than 0.05 indicating that a single
determinant is appropriate. We found that all the four lowest
electronic states of CNCbl were significantly above the 0.05
threshold, demonstrating a severe deficiency in the HF reference
wave function for these metal-containing complexes.

Consequently, CASSCF calculations were applied as a more
appropriate method for studying electronically excited states of
CNCbl. The CASSCEF approach is very challenging when applied
to molecules containing transition metals, and the results strongly
depend on the choice of active space. Due to the presence of the
cobalt metal in CNCDbl, the proper selection of active space requires
the use of the metal’s d orbitals. In addition, a complementary set of
three d orbitals has been added to the active space in order to
consider the double-shell effect.® When the complex contains a
tetrapyrrolic ligand (such as corrin) in addition to cobalt d orbitals,
the proper active space also requires inclusion of the 77 orbitals of
corrin as well as the o orbitals associated with axial bonding.
Keeping in mind these constraints, the active space was initially
selected using orbitals previously applied in CASSCF calculations
for cob(I)alamin®’ as well as corrole®® systems. Several possible
compositions have been tested, leading to the conclusion that the
most appropriate choice was 12 active electrons distributed in 12
active orbitals. More specifically, five d Co and one 7 corrin
occupied MOs were combined with the corresponding virtual
orbitals, and their isosurface plots are presented in Figure 7.

The analysis of vertical excitations predicted at the CASSCF-
(12,12) level of theory shows an overestimation of the energies in
comparison to those computed at the TD-DFT level with different
functionals (Table 1). The inspection of the nature of the
energetically lowest CASSCF(12,12) excitations (Table S8, Sup-
porting Information) revealed that d — d transitions were domi-
nant, contrary to all other results (Table 3 below). This finding also
contradicts the expectation that electronic excitations possessing
nonzero transition dipole moments mainly involve corrin 7 — 77*
transitions. In order to obtain reliable results, second-order pertur-
bation theory was applied using the MC-XQDPT?2 based on the
SA-CASSCF wave function. Inclusion of dynamical correlation
energy changes the nature of the electronic transitions, and more
states having mixed d/7r — 7% character are produced (Table 2).
The specific mixing is shown in Figure 8, where only the four lowest
MC-XQDPT?2 excited states were depicted, as those are the only
ones considered for comparison with the TDDFT results. None
of the first few electronically excited states predicted at the
MC-XQDPT?2 level retain the same character as the CASSCF
states. In addition, the involvement of dynamic correlation varies

80 —
19
70
16
15
14
60 |-
1
50 -
=
0= s4
$3
s2
i s1
20
CASSCF MC-XQDPT2

Figure 8. Energies of the lowest 20 excited states computed at the
CASSCEF level and the corresponding 4 low-lying states using MC-
XQDPT2. The lines between CASSCF and MC-XQDPT?2 indicate
mixing of states upon inclusion of second-order perturbation theory
(see Table 2 for further details).
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Table 3. Composition of Low-Lying Electronically Excited States of Im— [Co™(corrin)]—CN™ Based on TD-DFT Calculations
with the Use of Different Density Functionals and the 6-31G(d) Basis Set

State Functional Energy (eV)
N B3LYP 2.75
BP86 2.43
LC-BLYP (u = 0) 243
S, B3LYP 2.83
BP86 2.53
LC-BLYP (u =0) 2.54
S3 B3LYP 2.93
BP86 2.62
LC-BLYP (u =0) 2.62
Sy B3LYP 3.10
BP86 2.73
LC-BLYP (u =0) 2.74

Character

79% (7t — %)

60% (7t — %) + 30%(d,. + TN + 7T — 7T¥)

72% (7t — %) + 26%(d,, + 7T — 7*)

229%(d,, + Ten = 0* + d,,) + 17%(d,. + 7 — 0* + d,,)
72%(d,, + 7T — )

83% (7 + d,, — )

24% (7t — 0*(d,2)) + 20%(d,, + 7Ten — 0*(d.2)) + 10% (1, + e — 0%(d,2))
56%(dy. + Ten+aT — ) + 18%(w — %) + 14% (7 — d,, + n)
65%(d,. + 7 — %) + 22%(wr — 7*)

48%(d,, + 0 — 0* +d,,) + 16%(d,, + 0 — 0*(d.2))

+ 10% (7 + d.. — 0* + d,,)

74% (7 — d,, + n)

86% (7 — o* + d

xy)

for different states and becomes more significant in states having
d — ¥ and T — 7r* transitions.

To further explore the nature of the low-lying excited states of
CNCDb], we compared the results obtained from TD-DFT and
MC-XQDPT2 calculations (Tables 3 and 2). The electronic
absorption spectra of cobalamins (at least the most intense
transitions) are dominated by corrin 7 — 77* excitations. How-
ever, as noted before, experiments focusing on the photochem-
istry of By, cofactors suggest the possibility of CT character for
the energetically lowest excitations. Indeed, the data presented in
Table 2 confirm such predictions as none of the MC-XQDPT2-
calculated states have a pure nature. In fact, the S;, S;, and S,
states are of mixed d — 7t* and 7t — ¥ character, whereas S, is
primarily a d — 7z transition. Based on this assignment and the
TD-DEFT results presented in Table 3, it can be concluded that
hybrid functionals fail in predicting the correct nature of the
electronic excited states of CNCbl. On the other hand, the
excitations computed by BP86 show good agreement with MC-
XQDPT2 calculations. The S; and S states are composed of
mixed d/;r — 7* and 7t — 7t transitions, and S, is dominated by
d/m — m*. Similar results are obtained with the LC-BLYP
functional when the range-separation parameter u is zero
(which essentially reduces the LC-BLYP formalism to a GGA-
type functional). However, in order to evaluate the impact of
increasing the amount of exact HF exchange on the character of
low-lying electronic transitions, the performance of the LC-
BLYP method was analyzed by varying the value of u# from
0.00 to 0.90 (Table S9, Supporting Information). The descrip-
tion of the low-lying excited states of CNCbl worsens with a large
value of u. Therefore, we conclude that the most reliable
description of CNCbl excitations is predicted by BP86 calcula-
tions which imply the involvement of corrin 77 — 7% as well as
charge-transfer transitions involving cobalt d orbitals.

3.4. Assignment of Electronic Excitations. The previous
studies employing the B3LYP functional lead to the assignment
of the ma(t)jority of bands observed in the absorption spectrum of
CNCbL*>** As in other corrinoid species, the B3LYP calcula-
tions yield a much more blue-shifted transition with respect to
experimental values. Although the spectral shifts can be compen-
sated by scaling, other problems with the B3LYP functional such
as the underestimation of the Co—C bond dissociation energy,
overestimation of Co—N,,, bond distance, as well as the

description of the nature of low-lying excited states, cannot be
disregarded. Hence, we focus our discussion on our TD-DFT/
BP86 calculations in order to present a reassignment of the
electronic transitions of CNCbl.

The description of the singlet excited states of CNCbI is
presented in Tables 4 and S. The longest wavelength part of the
CNCDb! absorption spectrum (0./f3 region) shows several bands at
550, 517, 485sh (sh = shoulder) nm, which were originally
interpreted as a vibrational progression of one intense 7T — 7T*
electronic transition, giving rise to the corrin —C=C— stretching
vibrations. However, according to previous findings based on CD
and MCD spectra, it is not necessary to make such an assumption
in order to understand the absorption spectrum of CNCbl. The
lowest energy singlet states S;—S, are transitions involving several
of the highest occupied MOs and lowest unoccupied MOs
(Figure 9). As described in the previous section, the first three of
these are dominated by both d/7t — 7r* and 7t — 77 transitions. In
addition, the S; state at 474 nm also involves a 14% contribution
from a HOMO to LUMO+-1 transition that corresponds to a 77—
d transition. It is interesting to note that the S, transition at 455 nm
is primarily comprised of a 7 — d excitation and may also be
included in the o/ band. In fact, experiments based on ultrafast
transient absorption spectroscopy have indicated the significant
role of CT in the photolysis of cobalamin species. In particular, the
metastable S, state of CNCbl was found to have a ligand-to-metal
charge-transfer (LMCT) character. Although the BP86-computed
results suggest such contributions to only the third or fourth state,
their presence should be interpreted with caution, especially since
our COSMO results (Table S) show very high 40% and 53%
contribution of 7 — d transition to the S, and S; excitations,
respectively.

The further part of the low-energy region of the CNCbl spectrum
reveals excitations with very small intensities. Among them, only
two possess ~0.01 oscillator strengths. The first, the Sg state, can be
characterized as a 77 — 0" excitation. The same transition in the
simulated solution spectrum is shifted to a lower energy region and
found to be the fifth excited state. The second intensity corresponds
to the Sy state, calculated in the gas phase, and is composed mainly
of the /71 — 7r* transition. Nevertheless, two additional states, S,
and S, calculated in solution, possess almost identical energies to
the Sy state, with S;, having the highest intensity. Although S;,
reveals a large, 41% contribution from a st — 7T* transition, it is,
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Table 4. TD-DFT/BP86/6-31G(d)-Based Electronic Transitions for the Singlet States of Im— [Co™(corrin)]—CN™"*

Experimentb

0, a
E(eV) AMnm) f % Character E(eV) A(nm)
S1 243 5104 0.0207 30 117 5120 H-2-L dy+mentn — T 2.25 (550)
60 1195120 H-L Tt
S; 253 4908 0.0237 72 118 120 H-1->L dy+m — 1t
Ss 262 4741 0.0435 56 117 -120 H-2->L dy+en+n — T 2.40 (517)
18 1195120 H-L n—T*
14 1195121 H-—>L+1 T — dyytn
S,s 273 4547 0.0137 74 1195121 H-L+1 T — dyytn 2.56 (485)
Ss 285 4345 0.0034 72 118 - 121 H-1-L+1  dp+n— dy+n
Ss 289 4293 0.0039 84 116 5120 H-3->L dyoyot+men — T
S; 3.00 413.7 0.0071 76 118 5122 H-1-L+2  dy+1n— 6*(d2)+n
Sg 300 413.0 0.0124 70 119 5122 H - L+2 T — 6*(dz2)+n 2.71 (457)
14 119 5123 H - L+3 "
Sg 311 399.1 0.0013 68 1155120 H4->L dyoy2tmontT — T
18 119 5123 H - L+3 -7t
Sio 320 387.2 0.0091 10 1135120 H6->L e+ — T 3.04 (408)
66 118 5123 H-1-5L+3  dp+n—>rn*
Sis 354 3502 0.1052 16 1155121 H-4 -5 L+1  deyotmentn — dytn
30 119 -123 H— L+3 n— n* 3.44 (360)
S 356 348.3 0.0399 60 1135120 H-6->L TN+ — T
10 119 5124 H - L+4 Tt
S 391 3168 0.0302 70 118 - 124 H-1->L+4 dptn—on*
S 392 316.0 0.0157 18 113 5121 H-6 - L+1  mentm — dytn 3.85 (322)
26 1155123 H-4 - L+3 dey2tnentn - n*
28 1195124 H->L+4 n—n*
S 4.10 302.7 0.0150 30 1115120 H-8->L Tenttdy - T )
12 1135122 H-6 - L+2 men+n — 6*(d2)+n
12 117 5124 H-2 > L+4 dgt+nentn - ©*
12 1195125 H-L+5 T Tim
S 411 3018 0.0129 34 117 5124 H-2 > L+4  de+nen+n —
58 118 5125 H-1-L+5 detnt— TUim
Ss1 412 300.7 0.0261 46 117 5124 H-2 > L+4 detnentn -t
38 118 5125 H-1-5L+5  dytn— T'im > 4.05 (306)
Sz 425 2916 0.0146 68 112 5121 H-7 > L+1  o(dz) = dy*n
12 113 5122 H-6 - L+2 men+n — 6*(d2)+n
Sas 428 2895 0.0505 14 1115120 H-8->L mentmtdy; — Tt
24 112 5121 H-7 > L+1  o(dz2) = dytn
26 113 5122 H-6 - L+2 mentn — 6*(d2)+n )
Sss 4.48 277.0 0.0330 16 113 5123 H-6 - L+3 nment+n — A
22 117 5125 H-2 > L+5  detiontTt — Tim
Sz 450 2754 0.0343 32 113 5123 H-6 - L+3 mentn —
Si 466 2662 0.0307 42 108 120 H-11->L Tum+7+n — > 4.70 (264)
20 1155124 H-4 > L+4 deotnentn — n*
Su 468 2648 0.0422 24 108 120 H-11->L Tm+1+N — T*
10 109 -120 H-10->L m+n — ©*
26 110 > 121 H-9 > L+1 mt+rentdxz = dytn Y,

“n denotes free electron pairs of corrin nitrogen atoms. ” Experimental values were taken from ref 29. ¢ The proposed assignment includes only
transitions that can be correlated with experimental bands. Note that for higher energy regions of the spectrum, several states can be associated with
excitations observed in experiment. See the main text for further discussion and the Supporting Information for a full list of excitations.

similar to the remaining two excitations, also composed of mixed
d/m — 7* transitions. Taking into account only the intensity
pattern, two gas-phase excitations (Sg and S;o) could be attributed
to the D and E bands in the CNCbl absorption spectrum. Previous
CD/MCD reports, however, suggested that such estimations have
to be done very carefully as some of the excitations, especially those
including d — d transitions, might not obtain sufficient intensities in
the calculated absorbance profiles. In fact, in the analyzed region of
the spectrum (the first 12 excited states), there are several other
electronic transitions that can be described as d/t — d, d/r — 7%,
d/t— 0% and 7t — 77* and should not be excluded unambiguously
from the assignment of the D/E band.

At higher energies, the y part of the spectrum reveals absorp-
tion features at 360, 322, and 306 nm. The two calculated
transitions with the highest intensities in this region are found
at 350 and 348 nm. The former has an oscillator strength more
than twice as large as the latter and is mainly a 77 — 77* transition.
At the same time, the excitation at 348 nm includes some
contribution from 77 orbitals localized on the axial cyano group,
leading to a mixed mcn/T — 7* nature of the discussed
transition. As mentioned in section 3.1, the change of the
environment leads to the presence of a single electronic transi-
tion corresponding to the y part of the spectrum. A detailed
analysis of the BP86 transitions calculated in the presence of a
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Table 5. TD-DFT/BP86/6-31G(d)-Based Electronic Transitions for the Singlet States of Im— [Co™(corrin)]—CN™ Calculated
with the Use of the COSMO (H,0) Solvation Model*

Experimentb

E(eV) Mnm) f % Character® E(eV) Anm)
Si 2.47 5022 0.0409 88 1195120 H L T 2.25 (550)
S, 261 4745 0.0155 50 1185120 H-1->L ntdy; — T
40 1195121 H->L#1 T — dyy+n
S; 265 4675 0.0136 53 1195121 H-—L+1 T — dyy+n 2.40 (517)
29 1185120 H-1->L n+dy; — T*
Sy 279 4447 00267 75 1175120 H2-L e+ — 1 2.56 (485)
Ss 283 4388 0.0121 83 1195122 H - L+2 T — 0*(dz2)+n
Se 286 4336 0.0039 78 118 5121 H-1->L+1 m+dy: — dytn
Sy 294 4213 0.0078 78 118 122 H-1 »L+2 n+dy; - 6*(d2)+n
10 118 5121 H-1 5L+ mHdy — dytn 2.71 (457)
Sg 3.01 4118 0.0002 89 116—-120 H-3->L dxoy2tm — T
Sy 3.05 4068 0.0075 86 115—5120 H-4-—>L Tym+ Oyoy2 — T
Sy 330 3754 0.0095 30 118 —-»123 H-1—>L+3 n+dy, > 7*
28 117 5121 H-2 5 L+1  detntm, — dy+n
26 117 5122 H-2 -5 L+2  dy+n+mm — 0*(d2)+n
Sy1 332 3733 00095 49 118 5123 H-1—L+3 n+dy,—>7n* 3.04 (408)
18 117 5122 H-2 5 L+2  detntmum — 6%(d2)+n
13 1175121 H-2 5L+ detntmm — dytn
S 333 3725 0.0256 41 1195123 H— L+3 n— 1
40 1145120 H-5-L dy+mtmen — T
Sz 368 3374 01367 32 1145120 H5-L dy+mtneny — 3.44 (360)
29 1195123 H - L+3 m— "
12 117 5123 H-2 -5 L+3  detntmm >
S» 399 3108 0.0162 33 1185124 H-1->L+4 n+d,—>7*
26 114 5122 H-5—>L+2 dy+nt+men - 6*(dz2)+n
Ss  4.01 3096 0.0048 46 118 >124 H-1->L+4 n+dy, > 7
12 1145121 H5 5 L+1  dy+T+men — dytn
S24 408 3042 00218 20 1145121 H-5—->L+1 dy+ntacy — dytn
18 1145122 H5—L+2  dytmion — 0*(d)+n > 3.85(322)
15 114 5123 H-5->L+3 dy+nt+men —» 0t
S;s 415 2987 00204 20 1135121 H-6 > L+1 mHientde — detn
18 114 5123 H-5->L+3 dytntneny > n*
13 114 5121 H-5-L+1  dytmtnen — dy+n
12 1195124 H-L+4 - "
S 420 2955 0.0092 64 1135121 H-6 »L+1 m+mentde — dytn
Se 430 2886 00176 85 117124 H2—L+4 detmtmm -
Ssp 432 2868 0.0043 83 1135122 H-6 > L+2 ntnen+di: — 6*(d2)+n
Ssy 442 2803 00079 78 1195125 H—L+5 = Tim
10 1145123 H-5->L+3 dytntney > n*
Si2 444 2792 00291 81 1115120 H-8->L TeN+TT — T* > 4.05 (306)
Ss3 450 2753 00193 49 1105120 H9->L Tym+TeN+T — T
14 1195125 H-—>L+5 T Tim
13 116 5124 H-35L+4  deoyotmm o
So 476 2603 00780 27 1125121 H-7 > L+1  mptnen— dytn 4.70 (264)
19 1115121 H-8 5 L+1  mentn — dytn

“n denotes free electron pairs of corrin nitrogen atoms. Y Experimental values were taken from ref 29. “ The proposed assignment includes only
transitions that can be correlated with experimental bands. Note that for higher energy regions of the spectrum, several states can be associated with
excitations observed in experiment. See the main text for further discussion and the Supporting Information for a full list of excitations.

solvent model (Table S) indicates that the most intense peak
corresponds to the S;, state possessing 32, 29, and 12%
contributions from d,./7/cn — 7%, & — 7%, and d,../7/ Ty,
— 7%, respectively. This observation leads to the conclusion that
the y band of CNCbl is not necessarily a pure 77 — 7r* electronic
transition. When describing the nature of this excitation, one has
to consider the involvement of orbitals localized on the corrin

1289

ring (77), as well as axial bonds of the system (d, ¢y ) as indicated
by both in vacuo and COSMO data.

Together with the increase in energy, two additional spectral
features, at 322 and 306 nm, have been extracted from the
experimental absorption profiles of CNCbl. However, the unam-
biguous assignment of these bands is hampered by the congestion
of calculated electronic transitions in the high-energy part of the
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Figure 9. Isosurface plots of frontier MOs for the ground state of
CNCbl model based on BP86/6-31G(d) calculations in vacuo and with
the COSMO/H,0 model.

spectra, which have very small oscillator strengths. Following the
intensity pattern, the band at 322 nm can be attributed to S;
obtained from calculations in the gas phase and described as a
d/m — 7* transition. The same state in solution, however, is blue-
shifted by ~7 nm, and its oscillator strength decreases significantly.
At the same time, the following two excitations (S,4 and S,5) gain in
solution almost similar intensities, making them plausible contri-
butors to the experimentally observed band. However, their nature
is mixed due to the involvement of several occupied and unoccupied
MOs (Table S). The transitions are composed not only of d/7r/
TTeny — dand d/5t/mw e — 7TF excitations but also of d/7w/mwcon —
0*(d.») (S54) and 7w — 7* (S,5), making the assignment of the
experimental band (at 322 nm) a very difficult task. Assignment of
the experimental band at 306 nm is even less straightforward as
there are a number of excitations having comparable oscillator
strengths, in the calculated spectral range from ~303 to ~290 nm
in the gas phase. In addition, most of these bands possess small
contributions from several electronic transitions, and, hence, none
of them has a pure character. The most intense calculated transition
ascribed to the 306 nm experimental band is the transition at
289 nm. This transition is comprised of 7Tcn/7T — 0% co—cn and
Oco—cnN — d excitations.

The inclusion of solvent lowers the oscillator strengths of the
particular excitations in this region. The most intense excitation
corresponds to the S3, state which refers to a /ey — 7
transition. Taking into account only the intensity, this transition
might be attributed to the experimental band at 306 nm. However,
its significant (~25 nm) blue shift as compared to experiment, as
well as the lack of a similar counterpart obtained from calculations
in the gas phase, makes such an assignment speculative.

In the energy range of the 0 band, there are several calculated
transitions of relatively large oscillator strengths 277, 275, 266, and
265 nm. The former two transitions are d/Tcn/T — T, and
TTen/TT — 7T° excitations. The transition at 266 nm involves
excitations of 7Ty,,,/7T + 7 — 7% and 7/d/mcN — T character,
and the transition at 265 nm is mainly composed of 71y,,,/7T + 17 —
or* and 7t/d/mcn — d excitations. Similarly to the lower-energy
region containing bands at 322 and 306 nm, the change of the
environment decreased the oscillator strengths of the individual
excitations contributing to the 0 band as well. In addition, the
calculated transitions change their character, making the final
assignment of this region in the absorption spectrum of CNCbl
very counterintuitive. The most intense band in this spectral part,
resulting from calculations in solution (Table S), corresponds to
the Sy state which is composed of 7y,,,/7Tcn — d and 7Ten/T — d
transitions. Its presence, at 260 nm, suggests a possible correspon-
dence to the experimental band at 264 nm, but in order to support
or refute this proposal, further studies are required including both
experimental and theoretical investigations.

4. SUMMARY AND CONCLUSIONS

Although electronically excited states of vitamin B;, deriva-
tives have been probed using a variety of experimental techni-
ques, their exact nature remains poorly understood from an
electronic structure point of view. To rectify this situation, several
groups have applied the TD-DFT framework to determine
properties of the electronically excited states. At this stage, the
TD-DFT method is probably the only practical tool that can be
applied to study excited states of bioinorganic molecules such as
vitamin B,. Nevertheless, a critical step in TD-DFT calculations
is the choice of an appropriate functional which was the focal
point of the present study.

In the present contribution, the choice of the proper density
functional for vitamin B;, was evaluated by comparing it with
experimental data as well as correlated ab initio wave function-
based calculations. Three different methods received special atten-
tion: GGA (BP86), hybrid (B3LYP), and the range-separated (LC-
BLYP) functionals, which was tested as a function of the damping
parameter, 4. A comprehensive analysis revealed that only results
based on the BP86 and LC-BLYP, with u being close to zero, are
consistent with both experimental results and high-level ab initio
calculations. The finding that a GGA-type functional gives a better
description than a hybrid one may at first appear surprising
However, it reflects the fact that the BP86 functional gives a reliable
description of the energy gap between the occupied and virtual
orbitals in organometallic complexes, thus making the virtual-
occupied energy difference a good estimation for excitation ener-
gies. In order to assess contributions due to CT-type excitations,
which are often found to be inaccurately predicted by TD-DFT
calculations, we also validated the nature of the excitations by the A
diagnostic test. The results of our findings dispelled suspicions
about possible CT problems and confirmed the legitimacy of TD-
DFT in studying electronic properties of CNCbl. Consequently,

1290 dx.doi.org/10.1021/jp110914y |J. Phys. Chem. A 2011, 115, 1280-1292



The Journal of Physical Chemistry A

the use of BP86 is suggested as an expedient and accurate choice in
calculating electronically excited states of CNCbl.

The conclusion reached in the present study regarding the BP86
functional may have several important implications for computa-
tional studies involving the modeling of cobalt corrinoids. First, it
questions earlier studies where an assignment of electronic transi-
tions for vitamin B;, has been proposed using the B3LYP func-
tional 3>>* Although, traditionally, electronic transitions of B,
cofactors have been assigned mostly as having 71 — 7r* character,
the BP86 results indicate that many excitations possess significant
contributions from transitions involving cobalt d orbitals. Second, it
further supports the conclusions reached in our recent study, where
CD and MCD data were analyzed, showing the advantage of GGA
over hybrid functionals in modeling excited states of Bj,
derivatives.”® This particularly applies to the lowest energy o./f3
band, where multiple electronic transitions are observed rather than
the vibrational progression of a single electronic excitation. Third,
from a theoretical perspective, targeting a particular electronically
excited state becomes a moot case when there is a lack of
experimental evidence supporting computed results. This particu-
larly applies to photochemical and photophysical events where low-
lying excited states play a significant role. It has been noted that
in CNCDbI these states are related to LMCT transitions.>"*> The
examination of these excitations at different levels of theory pre-
sented in this study confirm the applicability of the BP86 functional
in describing electronic properties of CNCbl due to their best
correspondence to CASSCF/MC-XQDPT?2 results. This conclu-
sion may assist in prospective studies explaining the photochemical
processes of CNCbl.
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